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FOREWORD
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and Advanced Research Projects Agency of the Department of Defense, under
ARPA order 1244, amendment 6, program code 1D10. The contract was monitored
by the AIML, LLN, with Lieutenant John Allison as the project engineer. This
report complies with the contractual requirement delivery item 0002,
sequence A003, and covers the period from June 1, 1972 to May 31, 1974,

This program was conducted by Materials and Producibility of LAAD,
Mr. N. Kiimmek, manager, undei the direction of Mr. J. F. Moore, program
manager. Personnel responsible for the effort described in this report
include J. F. Moore, Dr. S. Tsang, and Mr. F. M, Coate of LAAD;
Dr. D. O. Thompson, Dr. T. Smith, Dr. G. Alers, and Dr. L. Graham of
the Science Center of Rockwell International; and Professor S. A. Hoenig
of the University of Arizona.
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Section I

SUMMARY

This program was directed toward the development of reliable

! nondestructive testing (NDT) and inspection methods to locate and assess

' fatigue damage in Air Force aircraft structures. The primary NDT approach has
veen the apnlication of exowlectron emission for the detection of fatigue
damage. This remort describes the development of a more fundamental under-
standing of the nature of the exoelectron emission phenomenon, a practical
technique for applying exoelectron emission and surface potential difference
m2asurements to assess fatigue damage as well as to predict final failure
site, and the development of a prototype excelectron emission measuring system.

Other NDT methods evaluated on a limited basis included ultrasonic
attenuation, acoustic emission, and penetrant, which showed limited applica-
bility for particular fatigue conditions.

A significant achievement of the program was the development of a more
fundamental understanding of the nature of exoelectron enission phenomenon.
This development effort was conducted in an ultrahigh vacuum (10-10 torr)
chamber where exoelectron emission currents were made on aluminum specimens
fatigued under low-stress, high-cycle fatigue conditions. The vacuum
chamber was equipped with an ellipsometer, a surface potential difference

L measuring device, an argon ion bombardment gun, and an Auger electron
spectrometer. Thus, it was possible to characterize fully the surface state
of the specimen prior to, during, and after the fatigue measurenents. It is
shown that the vhotc-simulated exoelectron current increases with strain
(or stress) amplitude during fatigue. During fatignie, the emission current
stops at the point at which the fatigue-generated crack has grown to the
point that failure occurs. The initial current level is somewhat variable
from specimen to specimen, even though they were similarly prepared; however,
the trend of the initial current is definitely increasing with decreasing
oxide thickness. The incremental difference between the final and initial
values of the current increases very significantly with cecreasing oxide
thickness, and the difference between the stationary and vibrating current
values also increases with diminishing oxide thickness. The result of the
exoelectron emission as a function of the oxide thickness experiments
indicates that the principal role of the oxide is that of an attenuator of
emission, not, as has been suggested, as a source of the emission. Analysis
of the data further shows that a single measuced current value under these




conditions wuuld be ambiguious in detining the fatigue state of the material.
An auxiliary measure or method of either fatigue or current data analysis
must be found which can be used reliably in conjunction with the photo-
stimulated exoelectron emission to remove the ambiguity.

A new mechanism relating the stimulated exoelectron emission to
roughness-enhanced photoemission is suggested. Surface roughness serves
to couple light from vacuum (air) into the surface plasmon modes of a nearly
free-electron-like metal., The optical frequency at which the maximum
roughness-enhanced photoemission takes place can be expected to move toward
smaller optical energies as the wave length of the roughness increases. The
aonuniformity of fatigue deformation manifests itself with some degree of
reguiarity in the slip pattemns produced. These pattems can contribute
significantly to a fatigue-generated surface roughness condition many orders
of magnitude greater than the rms roughness required to produce optical
coupling into the plasmon modes.

Exoelectron emission and surface potential difference measurements were
made under ambient laboratory conditions to nondestructively evaluate the
effects of fatigue damage on 2024 and 7075 aluminum alloys, annealed
Ti-6A1-4V, and SRH-1050 condition PH14-8Mo steel under various loading con-
ditions and environmental conditions. The loading conditions included low-
cycle, high-cycle, spectrum (low-high, high-low, and low-high-low stress
range), and elastic loading. The environmental conditions evaluated included
general plastic deformation, atmospheric humidity, ond corrosion. All the
tensile fatigue (zero to maximum load) tests were ccnducted in air at a rate
between 1 and 20 Hz. Exoelectron emission from the specimen was measured
without interrupting the fatigue test. The effect of the various fatigue
loading and environmental conditions on the exoelectron emission measure-
ments was evaluated and, in general, did not adversely affect ability of the
measurement to detect the fatigue damage and the eventual failure site. The
exoelectron emission measurement was shown to be capable of monitoring the
fatigue process, to observe the buildup of damage at a known defect and to
predict by the change in exoelectron current at the location of eventual
failure site in specimens containing holes (open or covered), slots or
changes in cross section, and simulated bolted joints. A quantitative-
statistical method was developed to facilitate analysis and comparison of
the exoelectron current data. This method is based on a 10-point data
sampling along each side of the straight (constant width) test zone of the
specimen. These data are compared at selected cycling inc.ements during the
fatigue test and plotted to show when and where a significant change in
emission occurs. The fallure site could be predicted with a good probability




by noting this emission change, occurring usually at the specimen side from
which the fatigue crack first emerges. The failure site can also be
approximately located by either comparing the exoelectrom emission and sur-
face potential difference data or by analyzing the data from one of the two
measurement methods obtained during several interruptions of the fatigue
cycling.

A prototype exoelectron emission system and an automatic scanning sub-
system were developed. The scanner permits in situ measurem:nt of exoelectron
emission on the coupon-type specimens without interrupting the fatigue
cycling action. The electron emission readout may be continuous or may be
selected as a function of number fatigue cycles and automatically recorded.
This system preovides for unattended monitoring of high-cycle fatigue experi-
ments and forms a basis for evaluating the scanning inspection requirements
for air vehicle applications. A prototype transducer system was also
developed for measuring exoelectron emission inside holes approximately 12mm
in diameter.

Recommendations for future investigations for the nondestructive
deteimination of fatigue damage include the further development of the
exoelectron emission method, which has proven to be highly promising. This
development should include a more complete definition and characterization
of the exoelectron emission phenomenon in terms of origin and energy levels,

as presently being investigated at the Rockwell Iatemational Science Center
under an AFOSR contract. Since this program showad that a single exoelectron
emission measurement would be ambiguous in determining the degree of fatigue
damage, another supplementary measurement is needed to predict fatigue life.
The selection of such a measurement is premature at this time and will be
significantly facilitated when further information regarding the definition of
exoelectran emission characteristics, i.e., energy levels, frequency spectrum,
etc., and definition of the mechanical-metallurgical characteristics of the
fatigued material. [Examples of supplementary measurement methods that appear
potentially promising inciude optical description of the fatigue surface using
ellipsometric methods and selected exoelectron emission excitation methods
using therral or ultrasonic methods. Finally, the exoelectron emission method
should be =valuatod on actual aircraft structures to establish the true capa-
bilitizs und restrictions of the measurement method.




Section Il

INTRODUCTION

Previous work by Rockwell International 1) screened eight techniques
for fatigue dumage detection and selected exoelectron emission and surface
wave attenuation and velocity change as the most promising.(zahis is con-
firmed by the work performed in the University of Arizona, showing that
exoelectron emission had considerable potential for developing a new nonde-
structive test (NDI) technique to detect and assess fatigue damage in aero-
space structures.,

The overall objective of this program is to increase the safety, relia-
bility, and integrity of Air Force aircraft structures that are subjected to
repeated loading and/or extensive vibration by developing reliable nonde-
Structive testing and inspection (NDI/NDI) methods to locate and assess
fatigue damage. It is expected thit the successful completion of this
objective should lead to the location of fatigue damage and anaysis of damage
severity in maintenance or overhaul, and cculd be used to predict remaining
safe-life and schedule replacement of selected aircraft hardware on a cost-
effective basis. Additional careful monitoring of areas indicating inter-
mediate advanced fatigue damage with crack detection technique could preclude
catastrophic failures leading to extensive damage or losses of aircraft and
crews.

The specific program development areas include:

1. Screening experiments to de.crmine the types of fatigue damage
and cracking that potential techniques may be reasonably expected
to detect and measure

Study of material history, material surface, and environment
influence upon the abilities of exoelectron emission and surface
potential difference to assess fatigue damage in aluminum, steel,
and titanium alloys and simulated aircraft structure hardware

Design and evs'uation of a prototype equipment justified on the
basis of preceding experiments

Loore, ot a1, 1971
:
“Hoenig, 1971




Section III

LITERATURE REVIEW

This literature review is directed at determining and assessing the state
of knowledge relating to the nondestructive measurement of fatigue damage in
aerospace structures to provide an increased understanding of the fatigue
process in terms of the measurement parameters and expected nagnitudes.
Therefore, a careful review of recent literature on these subjects was con-
tinued, following the previous program plan, (1) with most of the work
reported herein gathered from the literature since 1970. Some information,
however, is also derived from the publications in the late 1960's to cover

the work previously overlooked.

FATIGUE PROCESS

FATIGUE AT ULTRASONIC FREQUENCTES

The initial series of experiments directed at establishing a model for
the exoelectron emission phenomena was planned usirg a specimen cyclic load-
ing rate in the 100 to 1,000 cycles-per-second range. The reascn for the
relatively high cyclic rates was based on the need to complete high cycle
fatigue life conditions in reasonable time periods consistent with the
planned number of observations using vacuum environment conditions.

Tests for metal fatigue are usually conducted at frequencies below
about 0.17 kHz. The microstructural change, fatigue properties, and fatigue
mechanism do not change significantly within this frequency range. When
the frequency is raised to the ultrasonic range (about 17 kHz), the micro-
structural changes during fatigue become apparent. Furthermore, at high
cycling rates, the heat evolved during the test cannot be dissipated fast
enough to keep the specimen at the ambient temperature. Although the
temperature increase is not high (for example, amounting to 4.6 to
5.1 K per 1,024 cycles in testing a zinc specimen at 19 kHz and a maxi-
mum displacement amplitude of 16.2 um), (3) the measured temperature can be
used to estimate the distribution of stress and plastic strain along the test
" specimen. At low displacement amplitudes and with the fatigue life of the
zinc specimen greater than 108 cycles, the rate of temperature increase
decreases continuously as a consequence of decreasing plastic deformation due

3Wielke, et al, 1973

T G e e e



to the increased work hardening. Similar behavior is obsc¢rved in the early
stage of a test where the specimens is subjected to a high displacement
amplitude. However, after a number of cycles, depending on the maximum dis-
placement amplitude, this temperature increment rises again s cycling pro-
ceeds. This reversion, which occurs approximately one or two orders of
magnitude before final fracture takes place, is associated with the presence
of crack in the specimen. Therefore, crack detection and possible life esti-
mation in ultrasonic fatigue test may be accomplished by monitoring the
temperature rise during test.

The fatigue of metals of various crvstal structures in the ultrasonic
frequency range is described in the following paragraphs.

Face-Centered Metal

At normal test frequency and small strain amplitudes (10-4 to 10-3), the
slip in alpha brass (an fcc alloy) spreads densely over a grain, with no slip-
band cracking after 107 to 108 cycles. At ultrasonic frequency and the same
strain amplitudes, the slip concentrates in single iso}ated bands in only
occasional grains and reduces these to microcracks. With further cycling,
slip begins to spread from the slip-zone microcrack. Finally, some microcracks
deepen into macrocracks which advance by producing at their heads a concer:-
tration of dense slip in which further slips and microcracking originate. It
thus appears that the apparently safe strain amplitude for alpha brass
observed in test at normal fatigue frequency may be quite unsafe if the test
is carried out at ultrasonic frequency. On the other hand, fatigue cracks
cannot be generated in copper at such high frequency and low strain amplitudes
at room temperature. This is attributed to its high intemal friction.

The fatigue life of some age-hardened aluminum alloys containing copper,
magnesium, and zinc, may be lengthened by more than one order of magnitude at
ultrasonic frequency range. (5) The crack at the initiation region is mainly
straight and transcrystalline, oriented nommal to the stress axis at the sur-

face. Away from this region, the crack appears to follow an intercrystalline
route.

Body-Centered Metal

The S/N curve of a bcc metal at normal test frequency usually exhibits a
safe fatigue limit defined by stress or strain amplitude. This safe strain
amplitude for iron is 13 x 10°4. When the same iron is tested at ultrasonic

IMason and Wood, 1568
SHockenhull, 1967




frequency, fatigue cracks develop at a strain amplitude of 4 x 10'4, about

one-third the value which is regarded safe at nommal frequency. (6) Moreover,
whereas small amplitudes at nommal frequency spread abnormal deformation pri-
marily in grain boundaries, those at ultr..:onic frequency concentrate it in a
relatively few isolated slip bands. Hence, like alpha brass, iron behaves
differently in fatigue at these two frequency ranges.

Hexagonal Close-Packed Metal

Titaniun has limited slip systems, but at low frequencies it exhibits a
safe limit of strain amplitude (about 3 x 10-3) below which it has infinite
life. Tests conducted on ultrasonic frequencies indicate a safe limit also
of the order of 3 x 1073 strain. (7) The microstructural changes, however,
are different. In the normal frequency tests at higher strain amplitude than
the safe limit, occasional grains develop slip, but this slip does not produce
cracks. The microscopic damage that leads to fatigue takes the form of long
transgranular shear cracks through grains showing no sign of slip. The ultra-
sonic frequency, on the other hand, develops highly isolated slip, as in the

fcc and beec metals. The fatigue begins with the cracking of the grains con-
taining the isolated slip.

SLIPLESS FATIGUE

The studies of slipless fatigue are characterized by their use of low
strain amplitude, high frequency, and resonant oscillation of the specimen. (8)
Typically, the failure mode involves the production of a few isolated slin
zones which are limited to single crystals. These slip zones are the sites
where cracks are initiated; these cracks then progress by link-up from grain
to grain and lead to catastrophic failure.

It has been suggested that significant strain builds up in individual
crystals before any slip occurs. Eventual release of this stored energy pro-
duces almost immediate crack initiation in that particular crystal. The fact
that significant strain energy is releas=d by crack formation may allow the
crack to move quite rapidly through the specimen from grain to grain until
failure occurs. Slipless fatigue would then be characterized by the buildup
of strain in otherwise elastic grains. Precrack phenomena might involve the
formation of lines or depressions at the location where a crack will ulti-
mately develop. When a crack does form, there is significant shear displace-
ment across the crack itself. This displacement releases the strain energy
that had been stored in the crystal.

3Wbod and Mason, 1969
MacDonald and Wood, 1971-A
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The observable slip that occurs in a few plastic grains, before cracks
initiate in the elastic grains, ir considered to be harmless. The fact that
cracks appear in the elastic grains, rather than the grains which show evi-(g)
dence of slip, is considered to be the best indicator of slipless fatigue.

The elastic cracking associated with slipless fatigue is detected at
various stages of the fatigue process by means of scanning electron micro-
scopy. It has been observed in titanium; (8)(9)U0) however, it is not certain
whether this type of cracking also exists in face-centered or body-centered
metals such as aluminum and iron.

SPECTRUM LOADING

The studies of spectrum loading in fatigue process are not new; many
articles dealing with this subject and the similar type of loading - random
loading - have been written. The literature is not reviewed here. However,
the recent finding of the variation of fatigue life with the pattern of
spectrum loading should be reported.

In one series of tests, three patterns of spectrum loading were applied
to 2024-T3 aluminum clad sheets: (11) random program loading with short
periods (40 cycles) and program loading with lang periods (4 x 104 cycles).
Two sequences (negative-positive cycles and positive-negative cycles) were
tried in random loading; while in both program loadings, three sequences (low-
high, high-low, and low-high-low amplitudes) were considered. The maximum
and minimum loads in all the fatigue tests were the same. Illowever, the test
results indicate a strong dependence of fatigue life of notched and precracked
specimens on the load sequence. The life for the random loading with the
positive-negative cycles was slightly higher than the life with the negative-
positive cycles, which was the lowest in all the tests. This result was
opposite other observation. (12) Apparently, the damage accumulation by
random loading is a complex problem not yet solved.

In the program loading for the same load sequence, (11) the life of a
specimen exposed to the long period (4 x 104 cycles) is higher than the speci-
men exposed to the short period (40 cycles). Vwhen the three sequences in
the long period were compared, the life of the specimen subjected to the
low-high amplitude was the shortest and the high-low amplitude led to the
longest life, which was also the longest in all the tests. The development
of residual stresses in the crack tip area was thought to influence the
fatigue life under these various load sequences.

IMacDonald and Wood, 1971-B
10yfachonald and Wood, 1971-C
Schijve, 1972
McMillan and Hertzberg, 1968
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FATIGUE CRACK

Generally, it is thought that fatigue crack growth in metal proceeds in
two stages. In the first stage, cracks result from dislocation motion along a
slip plane in a maximum shear direction. The crack is, therefore, necessarily
crystallographic from this definition. The crack propagates wtil the specimen
fails or until it tums into a tensile direction for the second-stage growth.
The stage II crack direction is thus governed by the direction of maximum
tensile stress. Theie appears in the literature, however, some confusion about
fatigue crack growth. It is found that cracks started by slip do not necessar-
ily follow the stage I shear rule. The final macroscopic fracture can be in a
transverse shear direction, rather than in a tensile direction as predicted by
the two-stage model. Furthermore, the stage II crack can be crystallographic
or noncrystallcgraphic. Wood and his associates (13) found that a crack
developed in torsional fatigue of annealed brass tube extended by a defacto
propagation process of linking together existing crystallographic fissures of
both the stage I slip band and misfit type (fissues al subgrain boundaries or
grain boundaries). Thus, on a microscopic basis, the crack is made of stage I
slip band and misfit fissures, but on a macroscopic basis, the crack would be
a stage II tensile crack. It is not clear how this crack is classified by the
two-stage model.

Wood and his associates found that dividing metals into two major classes
of plastic and elastic clarified the analysis of fatigue cracking. In plastic
metals, dislocation motion is easy and fatigue is the result of such moticn.
The crack starts from slip bands, subgrain boundaries, grain boundaries, cr
cell boundaries. The slip band fissures tend to be in a shear direction, but
fissures at subgrain, grain, or cell boundaries may be in the shear direction
or other directions. The crystallcgraphic fissures then link together in a
defacto propagation process which proceeds in either a shear or tensile direc-
tion. In elastic metals, dislocation motion is difficult because of the
presence in the matrix of obstacles such as misfitting boundaries, precipitates,
and solid-solution alloy atoms. Noncrystallographic shear crack is started
by local inhomogeneous strains and internal stress and may have little to do
with slip. In titanium, the "slipless" shear cracks propagate without the
linking stage that is observed in plastic metals. The cracks then change to
a tensile directior in the final stage of propagation. If an elastic metal
is fatigued at strain amplitudes where dislocation motion is produced, the
mechanisms of plastic aud elastic fatigue will be in competition to produce
the fatigue cracking.

1

3Gilmore, et al, 1972
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Therefore, Wood and his associates suggest a division of metals into two
major classes called plastic and elastic to clarify the analysis of fatigue
cracking wiich occurs still in several stages: initiation, linking, and
propagation. The type of material being tested will determine which stage
will be present and what character each stage will have.

FATIGUE LIFE

Estimation of Fa gue Life

Fatigue life, Nf, can be defined as the sum of times required for crack
initiation, Ng, its growth from microscopric size to macroscopic size, Nt, and
propagation of the macroscopic crack to final failure, Nc. The ratio between
the length of the periods varies widely with the size and geometry of the
specimen or part. In recent years, considerable effort has been expended on
Nc, the last term of the fatigue life. Analytical solutions have stemmed
from several distinct disciplines of engineering science. After reviewing a
numnber of concepts, Walton and Ellison %14) divided the various approaches for
estimating N: into three groups: models developed from dislocation theories,
models formed on fracture mechanics and dimensional considerations, and semi-
empirical models founded on cyclic material behavior. D)lost of the models can
be expressed mathematically by the following expression:

(1)

semicrack length
N = number of cycles
o = applied tensile stress
c, m, and n = constants
However, large deviations occurred in applying Equation 1 over a great variety
of crack propagation rates. The approach by fracture mechanics leading to the

equation

da _ o
- M (AK)

14Walton and Ellison, 1972




where AK is the range of stress-‘itensity factor and both M and a are
constants appears more satisfacto.y. After integration, Equation 2 becomes

N = constant - [(Akc/Aki)m-2 -1] (3)

where the subscripts c and i denote, respectively, the initial state (N = 0)
and the terminal state (N = Nc = Nf). The usefulness of Equation 3 depends on
the reliability of the knowledge of a;, k¢, and a. It also depends on the
validity of three other assumptions implied in Equation 1; namely, that (1) the
crack growth rate depends on stress-range alone, being nearly enough independ-
ent of mean stress; (2) the relation is valid within the range between Ak

and Akc; and (3) under nominally identical experimental or operational condi-
tions, the relation is reproducible within a tolerable scatter range.

Freudenthal(ls) presents detailed discussions of the uncertainties associa-
tea with the three assumptions. He suggests that the uncertainty and risk asso-
ciated with the use of Equation 3 is too high to rely on in the prediction of
the design life. The conditions under which the fracture-mechanics mddel
approaches reality are exactly the conditions that should be avoided. It
appears, therefore, the principal value of the fracture-mechanics approzch to
fatigue design is its use in the identification and avoidance of these conditions.

Fatigue Life of Some Aluminum Alloys

It is often rather uncertain to use the information in the literature con-
cerning the three periods of time (Ny, Nt, and N¢) of a material for one's own
investigation. The difficulties lie partly in a definition of terms and
partly in the resolution of the observational techniques. In order to make
one's test results useful to others, one must not only give definitions of the
three stages, but also must state the crack nucleation site and the growth rate
in a known geumetrical configuration. A brief literature search of the fatigue
crack initiation and propagation in some aluminum alloys follows. This iafor-
mation, which yields a better understanding of the fatigue damage, is essential
to the present program toward the development of an NDT device for detecting
and assessing fatigue damage in aircraft structures.

15 preudenthal, 1972
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Fatigue cracks in 1100 aluminum nucleate at the surface in slip bands. (16)
The formation of an intrusion-extrusion surface topography within these slip
bands is well established. Dislocation activity unique to a surface layer
approximately 10 um deep results in the early formation of a dense cluster of
dislocation dipoles on the most active glide planes. The formation of the
intrusion-extrusion surface topography is a natural byproduct of this disloca-
tion activity. It is commonly stated that the intrusion is the starting point
for slip band fissures which are observed by electron microscopy at a magnifi-
cation of 8,000 as early as 0.5 percent of life of a notched specimen under
axial tension-compression loading at a stress of 4,160 psi. These fissure
cracks grow in depth at the average rate of 2 x 102 angstroms per cycle, and
link into a dominant crack across the surface (3.2 mm or 1/8 inch long) at 65 to
70 percent of fatigue life. If the nucleation time is defined as the time to
nucleate any one microcrack, the time is less than 1 percent of life. If the
transition stage occupies the time taken to develop a dominant crack across the
notch surface, nearly 70 percent of total life is then necessary. Using the
terminalogies Nf, Nt, and Nc, it can be said that, for the notched 1100
aluminum specimen under axial fatigue at 4,160 psi, No = 0.01 x life,
Nt = 0.69 x life, and N¢ = 0.3 x life.

Fine slip lines are alsc observed by electron microscopy on the notch
surface of 2024-T4 alloy before the appearance of cracks. (17) These slip
lines occur despite the fact that the concentrated stress at the root is only
approximately one-half the yield strength of the alloy. Once formed, this fine
slip is not observed to develop further with increased fatigue cycling. The
length of these slip lines is limited by interaction of the helical disloca-
tion loops with the large elongated constituent particles. All primary fail-
ure cracks are nucleated at surface constituent particle inclusions. (16) No
concentrated slip can be seen in association with the early cracks. Nucleation
of these cracks at a stress of 13.6 ksi requires about 5 percent of life. The
cracks nucleate in pairs on opposite sides of the inclusion. A single crack-
pair grows completely across the notch surface in approximately 90 percent of
life. At higher stress of 18 ksi, many crack-pairs nucleate on the notch ;ur-
face and link together to form a dominant crack across the notch at approxi-
mately 50 percent of life. Hence, for 2024-T4 alloy, Ny = 0.05 x life,

Nt = 0.45 to 0.85 x life, and Ne = 0.1 to 0.5 x life.

Fatigue cracks in notched 7075-T6 alloy are nucleated in pairs at surface
inclusions as a result of localized plastic deformation produced Ly stress con-
centration around the inclusion. (18) At least 65 percent of life is expended
before a crack greater than 20 um is observable in the notch. About 80 per-
cent of life is spent to traverse the notch surface at a stress of 13.4 ksi.

16Grosskreutz and Shaw, 1965
Grosskreutz and Shaw, 1968
Grosskreutz and Shaw, 1966




The fractions of total life for the three stages are then, respectively, 0.65,
0.15, and 0.2. Transmission electron micrograph shows a high density of dis-
locations at the crack tip. This indicates that crack extension is .iccom-
plished by highly localized plastic deformation. There is also evidence of
overaging at the crack tip, as shown by the increase in the average size of the
Guinier-Preston zone within the plastic zone. Crack growth through this

softer material might be slower because of the .ncrease energy loss to plastic
deformation. Such overaging, however, is not observed in 2024-T6 alloy.

EFFECT OF ATMOSPHERIC HUMIDITY ON FATIGUE LIFE

One of the environmental parameters to be investigated in the present
program is evaporation, which is defined by the change in humidity of the air.
Tt has been evident for some years that atmospheric conditions that could not
normally be considered corrosive can have a marked effect on the fatigue
strength of metals. The atmospheric constituent responsible for the reduction
in fatigue life, as compared with the results of tests in vacuum for some age-
hardened aluminum alloys, is water vapor. Flexural fatigue tests on cladded
2024-T3 aluminum alloy (19) wunder conditions of high, intermediate, and low
atmospheric humidity conditions showed that a decrease in relative hunidity
from 90 to 12 percent caused an increase in the mean life at a given stress
level by a factor of about two. The change in life appeared to be progressive
with the change in humidity at all stress levels.

The water content of the atmosphere can be defined in either absolute or
relative temms. For a particular value of absolut: hunidity in number of
grains of water per pound of air, the relative humidity in percentage may vary
widely, depending on the temperature and, within normal atmospheric limits,
slightly on the pressure. Bare 2024-T3 alumiaum alloy was tested in an
environmental chamber in which the relative and absolute humidity coula be
varied independently, in order to find whether absolute or relative humidity

had the controlling influence on the atmospheric humidity.(19) At a given stress

level, the fatigue life decreased with increase in either humidity value. In
the absence of a hvpothesis for the mechanism by which fatigue strength is
affected by atmospheric humidity, the only criterion upon which it is possible
to determine which of the humidity parameters has the dominant influence is
that of goodness of fit of the data to some plausible curve. In deciding on

a plausible curve, it can only be suggested that it is most probable that the
quantities involved would vary monotonically. The test data obtained by wvary-
ing the absolute humidity were found to closely fit this criterion. Accord-
ingly, absolute humidity is probably a more significant parameter than is

19Dunsby and Wieke, 1969
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relative humdity in reducing fatigue life of metals. It is possible to
mitigate some of the effect of humidity by the simple expedient of coating the
specimen with lubricating oil.

ACTUAL CASE OF FATIQUE DAMAGE IN AIRCRAFT

The fatigue damage of an aircraft is often referred to as the severity
of fatigue cracks which are detected in the maintenance work during its service
1 fe. Since the aircraft is literally made of many differently shaped pieces
put together by various joining methods, fatigue damage cannot be completely
assessed unless it is subject to a thorough destructive structural teardown
inspection. This has actually been performed on some B-52 bombers. (20) The
inspection results, including damage by fatigue, stress corrosion, and
corrosion, of one airplane are described in the following paragraphs.

Prior to cutting and disassembling, the aircraft was subject to nonmagni-
fied visual, eddy-current, and 10-X magnification examination. Specimen
clusters removed from critical areas, such as joints aud splice, vere stripped
of all finishes and sealant. Aluminum alloy stripped parts were etched and
either given a fluorescent dye-penetrant inspection or 10-X visual inspection.
Steel parts were magnetic-particle inspected. Cracks and areas of significant
corrosion, wear, and fretting located by the inspection underwent further
metallurgical examination, using optical and two-stage plastic-carbon replica
electron fractography and standard metallographic techniques.

A number of areas of the wing suffered damage by fatigue, stress
corrosion, and corrosion; whereas, damage by fatigue and corrosion was found
in some areas of the fuselage. Empennage appeared to suffer much less
severe damage; only minor fatigue cracks were detected on the empennage of the
horizontal stabilizer lower surface skins.

As to the location of fatigue cracks relating to the geometry of the
damaged area, most cracks occurred at holes intended for inserting fasteners,
rivets, hinges, or bearing pins. There was high incidence of cracking at
fastener holes. Some fastener holes might give no indication of damage at
either end, but cracks were found at the hole bore surface. Fillet radius
marking the change of cross section was also where crack was often found.

Other places where fatigue cracking might occur included corner radius and
area adjacent tc the weldment.

20Boeing Report, 1971
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Cracks caused by stress corrosion were not as numerous as cracks caused
by fatigue. Stress corrosion cracking occurred mostly at fillet radius, shear
pinhole, and the web of stiffener. Three types of corrosion were found by
inspection: exfoliation, intergranuiar corrosion, and pitting corrosion.

In sum, fatigue cracking in an aircraft took place mostly at a stress
raiser, such as a hole or a fillet radius. The hole used for inserting a
fastener is more likely than other holes to develop cracks. Morecver, crack-

ing occurs often at the bore surface, rather than at either end. in routine
1 maintenance check, more attention should, therefore, be paid on inspecting
fasteners and their holes for fatigue damage.

NONDESTRUCTIVE DETECTION OF FATIGUE DAMAGE

Since the publication of last review on the subject, 1) a report on the
early detection of fatigue damuge issued by Australian Defense Scientific
Service (21) became available. The methods for detection of fatigue cracking
described in the report are electron microscopy, use of cholesteric materiails,
infrared, eddy current, and ultrasonics. It is concluded that although the
sensitivities of existing methods are probably adequate (for detecting crack
size of a few hundred microns), more knowledge of the fatigue process is
needed before positive identification of early fatigue cracking becomes
possible.

The search of improved or new techniques for detecting fatigue damage by
nondestructive means appearing in the literature since the previous review was
continued in the present program. The results are presented in the following
paragraphs.

OPTICAL CORRELATION METHOD

A U.S. patent has been granted on the detection of fatigue with the
optical correlation process (U.S. patent 3631713, 1972). The approach of this
process is to detect small changes in surtface microstructures in the fatigue-
stressed area by means of optical cross correlation using coherent light. The
loss of correlation between the surface containing fatigue damage and the same
| surface in its initial state gives an early warning of impending fatigue
{ failure.

21Scot, 1969
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Maron and Mueller (22) found that the correlation intensity versus fatigue
cycles curve generally undergoes three stages of change: (1) the initial stage
involving an intensity decrease by iio more than 50 percent and lasting a few
thousand cycles, (2) the intermediate stage of more or less constant intensity,
and (3) the last stage of continuous decrease. A 50-percent decrease in
correlation intensity from its value at the beginning of the last stage would
indicate the occurrence of a crack on the order of 1 mm in length, regardless
of the stress level or surface finish, in aluminum alloys.

The success of this process depends upon the avility of detecting the
small changes in surface microstructure. However, surface microstructure can
be altered by other means than fatigue stressing, such as oxidation, corro-
sion, scratching, rubbing, etc. Therefore, when thi: process is used to
assess the damage of a structural component after part of its fatigue life has
been spent, the decrease in the correlation intensity in the last stage can be
attributed to fatigue damage, as well as the other extraneous sources.

Bond and his associates (23) tried to relate the complete correlation
process to surface effects by the use of metallurgical techniques, such as
optical and electron microscopy, Nomarski interference microscopy, and
Michelson interferometry. They showed that, as a silicon iron specimen was
fatigued in flexure, the curve depicting the change in relative correlation
intensity with flexure cycles was similar to the one for a2luminum alloy.(zz)
Several times during the fatigue cycling period, the specimen was removed and
examined using optical and electron replica microscopy in an attempt to estab-
lish the metallurgical micromechanism responsible for the changing correla-
tion. Slip lines were observed to form after approximately 200 cycles, but no
additional visible effects were detected in the test zone throughout the bal-
ance of the specimen life. Electron replica microscopy revealed that, within
those matrix regions bounded by strong slip bands, extensive fine slip
occurred in the form of long, straight, small amplitude slip lines, which gen-
erally formed at planes ranging from 45 to 90 degrees with respect to the
stress axis. As the deformation proceeded, development of these closely
spaced strain centers apparently produced the spatial frequency diffracting
centers, which accounted for the decrease in correlation intensity with con-
tinued fatigue cycling.

Grain boundary distortion as revealed by Nomarski interference microscopy
did not occur until 500,000 cycles. The final catastrophic loss of correla-
tion corresponded to the nucleation and propagation of an edge crack. The
degree of gross distortion caused by the crack formation was studied by the
interferogram made with a Michelson interferometer. The corelation technique

22
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was then able to detect the fatigue crack forming at a point remotely located
from the segment of the specimen under study.

This optical correlation technique was also applied to ascess fatigue
darage of solder joints of printed circuit boards. (24) Strains developed dur-
ing thermal fluctuation were the prime cause of fatigue cracking failure.

This was caused by differences in the coefficients of thermal expansion between
the component leads, the printed circuit boards, and the plastic material mak-
ing up the solder joint system. Correlation intensity was found to decrease

in the course of thermal cycling of the solder joint. The greatest drop in the
intensity is a measure of the elastic plus plastic deformation. As the joint
cools, che elastic strain is removed, but the joint will not return to its
original state because it has been strained beyond its elastic limit. The
difference between the cnrrelation intensity before heating and after the

joint has cooled to room temperature is a measure of the plastic deformation.
If the drop in correlation intensity after each thermal cycle is plotted versus
the number of thermal cycles, a curve characteristic of the plastic strain
occurring in the solder joint is obtained. This curve displays a continuous
downward trend, indicating increase of plastic strain with fatigue cycles.
Consequently, the solder joint whose ccrrelation intensity drops fastest and
has thus the steepest slope of the curve would be undergoing the greatest per-
manent deformation and, therefore, would be likely to fail before the others.
These predictions were found to agree with laboratory test results.

EDDY CURRENT

One of the limitations of this method is that the probe is quite sensitive
to the proximity. A new probe consisting of a U-shaped core with a winding of
copper wire at the center has been reported to overcome this shortcoming. (25)
The system consists of a probe, oscillator, bridge circuit, detector, various
filters, compensation circuitry, and readout device. The probe is positioned
such that the part to be testzd forms the flux path of the legs of the "U,"
and the flux passes through the test material. Crack signals were observed
as early as 10 percent of fatigue life of notched 6061-T6 aluminum alloy
specimens. It is claimed that the probe is not only insensitive to probe
proximity, but also to generalized surface damage, which, however, is not
categorized.

Commercially available eddy current instrument, however, has bee.: used to
predict the location and geometry (length and depth) of fatigue crack: in
fastener holes. (26) The tests used probes manufactured by the Ideal Specialty

24Jenkins and Mcllwain, 1971

Moross, 1971

26Padilla and Parks, 1969
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Company cf Tulsa and the Magnaflux Magnatest ED-520 eddy current instrument.
Fatigue cracks can be easily distinguished from scratches and other fomms of
surface roughness by the shape of the curves recorded from eddy current
responses. Cracks as small as 0.1 mm (0.004 inch) deep are found in fastener
holes ranging from 6.3 to 12.7 mm (1/4 to 1/2 inch) in diameter.

MAGNETIC PERTURBATION

The use of magnetic perturbation for the detection of fatigue cracks was

b described in the last review. (1) Since then, a prototype equipment has been
developed to automatically inspect helicopter transmission gears. (27)  on the
basis of the limited evaluations conducted in the laboratory, it has been
established that the equipment is capable of completing an automatic inspection
of a gear in about 90 minutes. The crack length that can be detected is esti-
mated to be in the 0.25 to 0.5 mm (0.01 to 0.02 inch) range.

MICROWAVE METHOD

Fatigue damage can be in the form of surface cracks. The life of a part
can be lengthened if all cracke are removed. The amount of material to be
removed is usually determined by repeated machining and dye-penetcant or mag-
netic particle inspection until no crack indications on the machined surface
are evident. The method is too time-consuming. Ultrasonic methods can be
used to determine the crack depth and, hence, the amount of material to be
removed. llowever, they are generally inaccurate if the cracks are very thin
and have large depth-to-width aspect ratio.

The depth of very thin surface cracks can be measured by microwave. )
Microwave power in higher order modes is generated in a circular waveguide and
directed against a sample surface which lies within the Tresnel zone of the
coupling aperture. A crack on the surface causes the power in the higher order
mode to degenerate to the fundamental mode, which is then measured. The TMyy
§ and TE)] modes are, respectively, suitable for magnetic materials and non-
magnetic, low-resistivity materials because of their greater sensitivity.

One wncertainty in using the method is the lack of a good calibration
curve to correlate the depth of machined thin slots with the microwave measure-
ment. Ultrasonic and X-ray methods are useless for calibration because they
provide only qualitative measurement. Microscope is used, but the calibration
is good only for slot depth less than 500 um. For slot depths from 500 to

%;Kusenberger and Barton, 1969
Hruby and Feinstein, 1970
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5,000 um, use of shim stock depth gages yields a crude, inaccurate calibration.
Therefore, more work on good calibration is needed for this microwave system.

ULTRASONIC METHOLS

Ultrasonic methods have been used extensively in industries to detect
fatigue crack and monitor its growth. Little work on the detection of crack
initiation by ultrasonic waves, however, appears in the literature. Probably
the scarcity is due to the uncertainty of the definition of crack initiatian.
Norris and his coworkers (29) reported using surface wave to detect crack ini-
tiation in notched specimens (stress concentration factor = 1.5, 2, and 4) in low
low-cycle fatigue. Four surface wave transducers were positioned on each
specimen at 90-degree intervals so that the entire surface could be monitored
individually by pulse-echo technique for some given time. This time depended
on the speed of a time base relay that was used to switch from transducer to
transducer. Crack initiation was defined by the detection of a crack approx-
imately 0.13 mm (0.005 inch) deep, determined after sectioning a few specimens
at the point of detection. A single langitudinal wave transducer was used to
monitor further crack growth. The crack initiation stage was found to occupy a
greater portion of the fatigue life as the applied stress was raised.

acwe s

B

Another ultrasonic technique to detect fatigue damage is to measure the
attenuation during fatigue test. (30) The attenuation of longitudinal wave
pulse propagation through alumimum or steel specimens initially remains constant,
increases slowly, and then increases catastrophically just prior to fracture.
Hence, the history of attenuation during fatigue of the specimen can provide
an index to the unset of failure. In a typical test on aluminum, the attenua-
tion began to rise at about 2.8 x 106 cycles in 26 hours and proceeded
catastropically to failure at about 3.5 x 100 cycles after 33 hours, giving a
7-hour warning. On the other hand, conventional ultrasonic monitoring by
pulse-echo technique was unable to detect any additional echoes due to energy
reflected from the crack until about 2 hours prior to fracture. Hence, the
warning of eminent fracture given by attenuation measurement was 5 hours
earlier than detection by conventional techniques. In this attenuation
measurement, surface wave is found to be inferior to bulk wave.

ACOUSTIC EMISSION METHOD

Although appreciable amount of data in acdustic emission are availuble in
the literature, only a few investigators have monitored acoustic emission in
fatigue tests. The reason is probably the difficulty in separating the

égNorris, et al, 1969
Green and Pond, 1973
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acoustic emission cignal from the background noise. Since a recent review on
acoustic emission during fatigue test can be found elsewhere, (30) this subject
will not be further discussed here, to avoid duplication.

FATIQUE LIFE GAGE

Fatigue life gages are smal” ctrain sensors physically similar to strain
gages. They will incur a permanent resistance change or '"zero shift' when
subjected to a fatigue environment. This resistance change is attributed to
strain hardening of the grid material. Since the amoims of strain hardening
depends on the magnitude of strain and the number of cycles at this strain, the
fatigue gage in essence records the strain history of the material on which it
is mounted. A correlation can then be established between resistance change
of the gage and the amount of fatigue damajge suffered by the material.

These gages are intended for determination of fatigue crack initiatian in
the low-cycle region, and appreciable 1ife may exist after the gage ceases to
function. Annealed 304 stainless steel specimen and the gage under test, con-
ducted by Harbert and Stephens, (31) formed one amn of the Wheatstone bridge
which, along with an amplifier and recording syst.m, allowed continuous moni-
toring of gage resistance. A 10-percent decrease in vibration amplitude of
the specimen, tested at resonance frequency between 10 and 14 Iz, was con-
sidered fatigue failure. A log-log plot of gage resistance change versus num-
ber of cycles indicated a slope change ranging from 0.45 to 0.9 time of the
total life in the particular tests at fully reversed strain amplitudes of
0.0015 to 0.0045. Examination of the specimen at a magnification of 36X did
not reveal cracks until after the slope change occurred. After the slope
change, however, the resistance increased rapidly and the gages became
erratic.

ELLIPSOMETRIC METHOD

A powerful technique(l) for charac‘erizing the condition of a metal surface
covered with an oxide layer is to reflect polarized light from the surface
and measure the amplitude and the state of polarization of the reflected
light. The measurable quantities at a given wavelength and angle of incidence
can be reduced to the parameters

4 = the phase shift caused by reflection

and

<
"

arc tangent of the ratio of the normal to the parallel polariza-
tion components of the reflected light.

3IHarberr and Stephens, 1969
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These parameters can be related to the complex refractive index of the
transparent surface film

n, = n (L+ikp)

4
and of the underlying metal substrate

A -
n, = ng (1+1ks)

Since there are more unknowns (nf, kf, ng, ks, and film thickness, t) than
there are measurables (4 and ), anticipated values for the unknowns must be
inserted into a computer program and values for the measurables deduced for
comparison with the actual data. Although this procedure could lead to
ambiguous interpretations, an a priori knowledge of what the mechanisms for
changes in the film should be, coupled with a knowledge of how n and k modify,
has proven sufficient to arrive at meaningful results.

In the case of fatigue damage, it is anticipated that the primary effect
will be caused by surface roughening. If the roughness is on a scale larger
than the optical wavelength, then the only effect will be on the absolute
value of the scattered light intensity, because the distorted regions simply
scatter light away from the analyzer and are not measured. For roughness on
a scale small compared to the wavelength, drastic changes in 4 and ¥ can be
expected, and a model for the geometry of the surface and its film must be
incorporated.

The ellipsometric parameters 4 and ¥ of the surface of fatigued 7075-T6
aluminum alloy and annealed D6AC steel wer¢ measured.(l) Variation of the
parameters with fatigue life was noted, but no correlation could be obtained
from the limited amount of data reported.

SURFACE POTENTIAL METHOD

The surface potential difference between two metals is the difference in
work function between them. Thus,

¢ ¢E =

where

<
fl

surface potential difference

work function of specimen

work function of reference elecivrode
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There are twe methods for measuring ¢. One involves measuring the very small
current (10-14 amp) which the potential difference ¢ diives through a circuit,
consisting of a high-impedance electrometer whose input resistance r is in
series with the resistance R of the air gap which separates the spccimen from
the referenct electrode. Under these conditions, the surface potential
difference current is

L.

S R+r

The air gap resistance R is lowered to the point that R << r by subjectin§ the
air gap to ionizing radiation from a small radioactive source such as Am24l,

In this case, Is = ¢/r and, since r is known from the specification of the
electrometer, a measurement of I yields @ directly.

The other method of measuring ¢ is to form a parallel plate capacit:
out of the specimen and reference electrode. This capacitor may reside in &
vacuum and will have a potential difference between its plates of ¢ . Thus,
it will have a charge on the plates given by

Q=Cé¢

where C is the capacity of the capacitor. If the capacitance C is changed
(for example, by changing the spacing between the electrodes), then the
charge Q will change t> keep ¢ fixed, and this change can be used to measure
¢ . When a specimen is vibrated at a frequency w in the vacuum, ¢ is deter-
mined by measuring the current (dQ/dt) flowing through an extemal circuit at
a frequency w.

The surface potential of a few fatigued 7075-T6 aluminum alloy specimens
had been measured, with respect to a reference electrode. (1) The electrode
was scanned along the specimen test section which had varying cross-séctional
area. 1in one specimen, the surface potential difference was found to change
with the severity of damage, which was highest at the middle of the test sec-
tion having the smallest cross-sectional area. However, these results could
not be repeated on other similarly fatigued specimens.

Since the difference in potential between two metals depends upon the
difference between their work functions, and since the work function of a
metal is influenced by plastic deformation, (32)(33) (34) ang by chemisorption of
water or oxygen, (35) the surface potential difference could be related to
fatigue stressing under different surface conditions. Hence, a nondestructive

32 ndreev and Palige, 1962

3 Andreev and Palige, 1964
3 Mints, et al, 1973
Siber and Kirk, 1966
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test technique might be developed using this physical phenomenon. More
experimental work is needed to explore the capabilities of this method.

EXOELECTRON EMISSION METHOD

The review of literature on the exoelectron emission by plastic deforma-
tion was resumed after the publication of the previous work. (1) The articles
reviewed are presented in Appendix A. Most of the emissicn experiments were
still performed in vacuum, but measurements in air were reported by three
sources. (1)(2) (36) Stimulation by ultraviolet light was necessary to
enhance the emission current so that it could become measurable. Additional
thermal stimulation, although not essential, was helpful to further enhance the
emission. Stimulation by ultrasonics on aluminum and other metals under
abrasion was tried, (37)(38) but the measurements of the emission current were
made using the Geiger-Miller-type counter. Emission excited by electron bomb-
ardment, using an electron gun on tungsten, (39) germanium, (40) CaS04/Mn, and
some metal oxides, (41) and by the X-rays on some metals, metal oxides, as well
as metal sulfides (42) and on germanium, (43) had been attempted. However, all
the test specimens were not subject to plastic deformation; the electron
emission was excited only by either electron bombardment or the X-rays. Fur-
thermore, the emission was enhanced by heat and measured by a Geiger-Miller
counter or by secondary electron multiplier in vacuum. The emission in vacuun
from metals under the action of laser beam and the stimulation of heat had
also been reported. (44)  Therefore, in addition to ultraviolet light, the
other four stimulation sources previously described could also be considered
when the exoelectron emission from plastically deformed metals is measured in
air,

;gGel'man and Fainshtein, 1973
3 Langenecker and Ray, 1964
>oNillians, 1966
Seeger, 1955
Seeger, 1957
Z%Vogel, 1960
43Hieslmair and Muller, 1956
Seidl, 1959
Kovtov, et al, 1971
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Section IV

MATERTAL SELECTION AND SPECIMEN DESIGN

The material requirements for this program were based primarily on the
selection of representative aerospace materials to insure suitable qualifica-
tion and applicability of the developed nandestructive test (NDT) techniques.
In general, the materials and alloys were selected based on the B-1 air
vehicle design, since these materials are currently used in other Air Force
aircraft structures and were readily available. The selected materials and

their mechanical properties are:
Percentage of

Yield Strength, Ultimate Tensile Elongation (in
Material ksi Strength, ksi 2 inches)

2024-T3 aluminum alloy - - -
2024-T81 aluminum alloy 68 73 )
Annealed Ti-6Al-4V 138 149 11

Heat treated (SRH 1050)
PH 14-8 Mo steel 208 216 5

Also included were 1100-0, 2219-T851, and 7075-T6 aluminum alloy materials
used in prior experiments.

The materials were purchased in sheets which were covered with paper to
keep the sheet surface free of grease, water, or dirt and to protect them
from scratches and mechanical damage by handling. The aluminum alloy was
obtained in the T3 condition. The T81 condition was later achieved by heat
treatment. Both the titanium alloy and the steel were purchased in the
annealed condition. The steel was heat-treated to the required SRH-1050
condition after the specimens were prepared.

Two types of specimens were used: a specially designed, triangular
specimen and the standard dogbone-type specimen.

The triangular specimen was so designed that it would fit in an
available ultrahigh vacuum chamber and have an area subject to constant sur-
face strain amplitude in flexural fatigue. The surface area was sufficiently
large to accommodate the instruments necessary for the NDT measurements to
be made during fatigue in vacuum. Details of the specimen design are given
in Appendix B. The specimens were electropolished before each test, and
their surfaces were nearly mirror-like in brightness of finish. It was
observed that fatigue damage to the bright surfaces could be easily observed
with the unaided eye early in the fatigue test by noting that the shiny sur-
face of the specimen became cloudy. This cloudiness extended quickly over
the triangular section, indicating a wniformity in fatigue damage.
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The standard dogbone-type specimens were used in the nondestructive
evaluation after the fatigue test. The specimen shape included a straight
50.8-mm (2-inch) test section 12,7 mm (0.5 inch) wide. A 76.2-mm (3-inch)
radius conrected the test section with the 25.4-mm-wide (1 inch) specimen
ends. The overall specimen length was 203 mm (8 inches). This standard
specimen was modified by the introduction of discontinuities such as holes
and slots in the straight test section to localize fatigue damage. A series
of complex-shaped specimens were also tested. These included bolted joints,
weld joints, and specimens with curved shapes to accentuate the change in
Cross section. Details of these special specimens are given with the descrip-
tion of the specific experiment.

After machining, the specimens which were to be used in the as-received
condition (2024-T3, 7075-T6, znd annealed Ti-6A1-4V alloys) were cleaned
before fatigue testing. Composition of the chem-milling solution for the
aluminum alloy on a l-gallon basis is 20 owunces sodium hydroxide, 2 percent
by weight soditre gluconate, and 2 percent by weight sodium sulfide. The
temperature of the solution was kept at about 160° F. The pickling solution
for the titanium alloy contains 33.2 percent nitric acid and 1.6 percent
hydrofluoric acid by weight and operating at a temperature of 75° to 140° F,
The 2024-T81 specimens were similarly chem-milled after the heat treatment.
The PH14-8Mo steel specimens were heat-treated to the SRH-1050 condition and
Cleaned in a solution containing 8 percent nitric acid and 7 percent Turco
414 (manufactured by Turco Products, Wilmington, California) by volume at
room temperature. The resulting specimen thickness after the surface prep-
aration for the aluminum alloys, titanium alloy, and steel was approximately
2, 1.5, and 1.3 nm (0.08, 0.06, and 0.05 inch), respectively. After measure-
ment of the dimensions, the test section of each specimen was wrapped with
tissue paper to preserve the specimen surface in the as-prepared condition.
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Section V

SCREFNING EXPERIMENTS

INTRODUCTION

The research described in this section was directed at further clarifying
the mechanism of exoelectron emission as related to fatigue damage in a metal.
Ixperiments were designed to (1) relate exoelectron emission with other physical
| phenomena which are influenced by fatigue damage, and (2) determine the role
of surface films on exoelectron emission and other fatigue-related properiies.
All of the fatigue tests and measurenents were performed under ultrahigh
vacuum conditions so tha. both the environment around the specimen and the
| surface condition could be closely controlled.

The following discussion describes the experimental test system, specimen
design, and procedures used to prepare them for measurement, and experimental
results. Discussion of the results is divided into three parts:

1. A discussion of the data obtained for the emission as a function of
strain amplitude at constant oxide thicknesses

Z. A description of the data obtained for the emission as a function of
oxide thickness at constant strain amplitude

3. A brief description of other experiments, including the surface
potential difference tests, optical constant work, measurements
on the exoelectron emission decay with time, and an experiment
on electron spin resonance.

The discussion of results is directed at identifying various models for
emission which do not seem to be applicable, a discussion concerning the
differences observed between the vibrating and quiescent-state emission
curves, and a definition of what is the best working hypothesis to explain
exoelectron emission.

EXPERIMENTAL SYSTEM

A high-vacuum fatigue cycling system was developed to relate the surface
condition of fatigued materials to fatigue damage and the nondestructive test
(NDT) measurements. A fatigue-testing machine was installed inside an ultra-
high vacuum chamber, and a specimen was designed to permit the surface condi-
tions to be monitored by various NDT techniques during the fatigue-vacuum
conditions.
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ELECTROMAGNETIC DRIVE SYSIEM

It was decided to locate the fatigue system inside the vacuum chamber to
avoid the problems associated with bellows and mechanical linkage systems
typical of external loading systems. However, special consideration was
required in selection of the drive materials used inside the chamber due to
the problem of outgassing. The final drive system design used an electro-
magnetic excitation system enclosed in a stainless steel enclosure within the
vacuum chamber,

The apex end of the triangular specimen was clamped, and the base end
was driven electromagnetically by a fixed coil interacting with an attached
soft iron armature. The driving force arises from an alternating magnetic
field attracting and repelling the iron armature symmetrically placed between
two magnets, shown schematically in Figure 1. The magnetic cores are rectan-
gular in shape, with a section cut out at the top to accommodate the armature.
These two magnets are driven in quadrature so that when the force from one
magnet is at a maximum, the other is at zero. In order to minimize eddy cur-
rent heating of the magnets, the cores were made of 0.1-mm-thick (0.004 1inch)
laminated sheets of Selectron (a trade name for a silicon iron magnetic
material with high-saturation magnetization). The cores were insulated by a
thin, insulating lacquer material and then insulated with Formvar. Apvoroxi-
mately 120 turns of size 28 copper wire were wrapped around the core to form
the coil. Since the insulating material in the cores and on the wire would
not be suitable for exposure to an ultrahigh vacuun, the coils were placed
inside a stainless steel container which was fitted in the bottom of the
vacuum chamber. A small slot was built into the top of the container to fit
into the gap in the cores and to provide a channel in which the armature on
the specimen could move freely. Cooling of the electromagnetic driver was
provided by passing cooling air through the enclosure using metallic tubing
extending outside of the vacuum chamber.

A block diagram of the electrical system used to drive the specimen in
the ultrahigh vacuum chamber is shown in Figure 2. Since the coils on the
left and right of the armature must apply a force to the armature in the
correct phase, two separate drive channels must be used. A single audio
oscillator (Frequency Devices, Inc, model 434) was connected to a system of
capacitors which generates two outputs having a relative phase difference of
90 degrees. Each of these outputs goes through an audio power amplifier
(McIntosh model 2100) and drives each of the coils separately. The current
and voltage meters shown in the illustration are required to measure the drive
power, Any difference in the force balance between the two coils could also
be detected by an off-center reading from the optical system used for measuring
the cycling amplitude at the end of the specimen.

The specimen was supported by a firm clamp suspended from the top of the
chamber. This clamp was attached to a flange at the top of the chamber,
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Figure 1. Ilectromagnetic drive system and schematic.
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which could be moved in many directions so that the specimen can be raised

and lowered relative to the driver. The specimen could also be rotated and
moved in the X and Y planes. The NDT measurement systems were positioned with
respect to the specimen within the chamber, as also shown in Figure 2. The
Auger electron spectrometer was; positioned on the rear side of the specimen,
and the following systems were located in front of the specimen:

* Ellipsometer system data obtained from light reflected from the top
of the specimen

* Exoelectron current system data measured by a Channeltron electron
multiplier located at the center of the specimen

* Surface potential difference system data measured by an electrode at
the bottom of the specimen

* The deflection of the end of the specimen, determined by measuring
the angular deflection of a laser beam reflected from a mirror
mounted on the armature at the free end of the specimen

SPECIMENS

A number of NDT measurements were planned within the vacuum chamber, and
it was desired that the measurement transducers remain fixed with respect to
the specimen. Therefore, since the specimens were to be flexurally loaded in
bending, a specimen design was developed to provide a relatively constant
surface strain by tapering the width of the specimen,

Several different specimen design shapes were investigated, as shown in
Figure 3. Specimen A was an early design in which the iron armature was a
small cylinder forced into a hole transverse to the specimen plane. Note
that this specimen failed at the narrowest part of the specimen, indicating a
concentration of fatigue damage at this point and, hence, a lack of uniform
strain over the triangular area. Specimen B was of similar shape to A and
used the armature attachment method shown on specimen, and also failed at the
narrowest point. Specimen C used the results of the mathematical analysis
(given in Appendix B) to modify the sides of the triangular shape so that the
point of intersection of the sides, when extended, lay beyond the armature
center of mass. In this case, the failure occurred in the triangular section,
indicating that this specimen shape successfully distributed the fatigue
damage over the triangular area.
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PRELIMINARY SYSTEM EVALUATION

A number of preliminary experiments confirmed design of the triangular
specimen and drive system. During these tests, the fatigue cycling was
interrupted, and measurements were made of the exoelectron emission current,
surface potential difference, resonant frequency of the specimen, and
ellipsometry data. It was confirmed that the exoelectron emission current and
surface potential difference could be measured under both static and dynamic
conditions. The resonant frequency of the specimer and quality (Q) factor
were determined, as shown in Figure 4. Note that the Q-factor decreases during
the early part of the test and remains relatively constant between 103 and
10° cycles. Near the end of the test, Q increases again and then drops
abruptly at the fatigue limit of 106 cycles. For this particular experiment,
the resonant frequency of the specimen was 410 Hz and varied little during the
course of the fatigue test. The resonant frequency of other specimens evalu-
ated durin' these experiments ranged from approximately 150 to 300 llz.

buring performance of these tests, 2 nonlinear behavior of the specimen
and the drive current was observed at high excitation levels. This nonlinear
behavior was traced to the fact that the drive current was sufficient to
saturate the magnetic core material in the drive system. This saturation gave
to changes in the effective inductance of the drive coil, which introduced
distortions in the electrical drive signals. This distortion introduced
higher harmonics into the drive field, which tended to excite the specimen in
different vibrational modes. To compensate for the saturation effects, the
specimen was thinnec to approximately 0.5-mm (0.02-inch) thickness, permitting
the use of drive currents below the saturation level.

MATERIALS AND TEST PROCEDURES

The specimen materials used in this work were aluwiinum alloys 2024-T3 and
1100-0 or chemically pure material. The specimens were prepared to vibrate in
bending. The specimens were annealed and surface-etched. In the case of the
2024-T3 aluminum alloy, one specimen was quenched and neasured immediately,
and the other specimen was quenched and subsequently aged at room temperaturc.
\o essential difference in the results for the emission was obtained. All of
the specimens were measured prior to fatigue by cllipsometric and Auger
techniques. These techniques served to establish the thickness of the oxide
coat on the specimens, and to identify the chemical composition of the oxide
layer. In some cases, the specimens were bombarded with argon inside the
vacuum- fatigue apparatus (Figure 5) to produce a minimel oxide thickness. In
addition to the external cllipsometric measurements, in situ measurements
were also made of this parameter as a function of fatigue.

All of the stimulated exoelectron measurements were made using an ultra-
violet lamp, with the principal component of light being at about
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Figure 4. Variation of quality factor Q and resonant frequency of a
triangular 1100 aluninum specimen tested in air.
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2,500 angstroms. This light was flashed on only long enough during the
fatigue test to permit measurement of the current.

EXPERIMENTAL RESULTS

EMISSION AS A FUNCTION OF STRAIN AMPLITUDE AT CONSTANT OXIDE THICKNESS

A series of specimens was fatigued, and the emission was measured as a
function of strain amplitude at a constant oxide thickness of about 60
angstroms. Figure 6 shows one of these curves measured at a strain amplitude
of 2.16 x 10"3. In this illustration, the ordinate is the exoelectron current
given in terms of 10-8 ampere; the abscissa is time to failure in minutes.

At the top of the scale, the same scale is given in cycles; noting that the
frequency of vibration was about 200 Hz, the two scales (top and bottom) are
consequently related. The interesting feature to note in this curve is that
it rises very rapidly from the origin as fatigue begins, and tends to saturate
out as failure approackes. Failure in this case, as in all the cases to be
described here, was taken to be the point at which a sufficient sized crack
developed in the materials so that vibration of the specimen in the resonant
mode was no longer possible. Figure 7 shows another specimen in the same set,
but taken at a strain amplitude of 2.64 x 1079, The top curve was obtained by
momentarily stopping the specimen, flashing the ultraviolet light to stimulate
the emission, and recording it. The lower curve was obtained by letting the
specimen continue to vibrate, flashing the light, and recording the current.
As will be discussed later, there was a continuing difference between the
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